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Quantitative differences in cadherin activity have
been proposed to play important roles in patterning
connections between pre- and postsynaptic neu-
rons. However, no examples of such a function have
yet been described, and the mechanisms that would
allow such differences to direct growth cones to
specific synaptic targets are unknown. In the Dro-
sophila visual system, photoreceptors are genetically
programmed to make a complex, stereotypic set of
synaptic connections. Herewe show that the atypical
cadherin Flamingo functions as a short-range, homo-
philic signal, passing between specific R cell growth
cones to influence their choice of postsynaptic
partners. We find that individual growth cones are
sensitive to differences in Flamingo activity through
opposing interactions between neighboring cells
and require these interactions to be balanced in order
to extend along the appropriate trajectory.
INTRODUCTION
The genetically programmed development of synaptic connec-
tivity depends critically upon precisely regulated cell-surface
contacts among afferent axons as well as between axons and
their targets (reviewed in Yamagata et al., 2003; Takeichi,
2007). Members of the cadherin superfamily are hypothesized
to direct individual axons to their appropriate postsynaptic part-
ners (Fannon and Colman, 1996; Suzuki et al., 1997; Inoue and
Sanes, 1997), yet the mechanisms by which they might play
such roles in vivo are largely unknown. By analogy to studies of
cadherin function in non-neuronal cells (Steinberg and Takeichi,
1994; Godt and Tepass, 1998; Hayashi and Carthew, 2004),
one possibility is that different levels of cadherin adhesivity might
sort axons toward specific targets. However, no such role has yet
been uncovered in vivo, and no cellular mechanism for how de-
veloping axonsmight discriminate amongdifferences in cadherin
activity has been described. By systematicallymanipulating cad-
herin activity in adjoining pairs of afferent axons, we define an
opponent strategy that allows neighboring growth cones to
compare cadherin levels to determine outgrowth trajectory.26 Neuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc.The Drosophila compound eye comprises 800 subunits, om-
matidia, each containing eight photoreceptors (R cells). Within
each ommatidium, R cells detect light from different points in
visual space, and each is genetically hard-wired to connect to
a specific postsynaptic target (Figure 1A; reviewed in Clandinin
and Zipursky, 2002). These events assemble a repeated array
of axon fascicles, called cartridges, each of which comprises
the terminals of all R cells that respond to light from the same
part of visual space, clustered around the processes of their
target neurons. Ablation studies, genetic analyses, and electron
microscopic reconstruction experiments demonstrate that R cell
axons require specific cell-surface interactions between afferent
growth cones in order to reach their targets, and these interac-
tions take place independent of neural activity (Meinertzhagen
and Hanson, 1993; Clandinin and Zipursky, 2000; Hiesinger
et al., 2006).
The interactions among R cell growth cones that are neces-
sary for target selection take place in a complex cellular milieu
that is established in three steps (reviewed in Clandinin and
Zipursky, 2002). First, axons from within each individual omma-
tidium extend to the lamina as part of a single fascicle, terminat-
ing between two layers of glial cells. After R cell axons have
reached this plexus, lamina neuron processes, the postsynaptic
targets of R cell axons, pass through the lamina into the second
optic ganglion, the medulla. Second, each R cell growth cone
defasciculates, forming a relatively flat process. At this stage,
R cell growth cones from the same ommatidium maintain exten-
sive contacts with one another and begin to contact growth
cones from neighboring ommatidia (Meinertzhagen and Hanson,
1993; Clandinin and Zipursky, 2000). Some unknown subset of
these afferent-afferent interactions, taking place prior to growth
cone extension, are required for R cell axons to choose appropri-
ate targets (Clandinin and Zipursky, 2000). Finally, individual
R cell axons extend away from the ommatidial bundle, making a
directed projection along a specific trajectory toward the appro-
priate cartridge. Upon reaching this target, R cells initiate
synapse assembly.
The molecular mechanisms that underlie connection specific-
ity in this systemare incompletely understood. Two cell adhesion
molecules, the classical cadherin N-cadherin and the atypical
cadherin Flamingo, play critical roles (Lee et al., 2001, 2003).
N-cadherin mediates homophilic, stabilizing interactions be-
tween R cell axons and their target cartridges (Prakash et al.,
2005). Flamingo, on the other hand,mediates interactions among
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target cartridge (Lee et al., 2003). This seven-pass transmem-
brane cadherin is evolutionarily conserved, mediates homophilic
interactions in vitro, and regulates epithelial planar polarity, den-
dritic arborization, and axon tract formation (Usui et al., 1999;
Chae et al., 1999; Das et al., 2002; Lee et al., 2003; Senti et al.,
2003; Gao et al., 2000; Grueber et al., 2002; Shima et al., 2004;
Figure 1. Flamingo Is Not Required Cell-Autonomously in R Cell
Axons
(A) Schematic representation of R cells and their axons. In each ommatidium,
in the retina, each R cell occupies an invariant relative position; this arrange-
ment is preserved in the axon fascicle projecting into the brain, even as the
bundle of axons twists 180 (curved line). In the brain, within the lamina plexus,
each R cell axon (pink) then extends to a target (red), arranged in an invariant
position relative to the fascicle. R cells axons from neighboring ommatidia
(blue) choose an overlapping set of targets. The axons of R7 and R8 extend
into the medulla and are not shown. (B) In the retina, each R cell subtype is
uniquely identifiable by its characteristic position and morphology (B, G, L,
and Q). Using the MARCM method, single R cells (green) are made homozy-
gous for either a control chromosome (C–E, H–J, M–O, and R–T) or a chromo-
some bearing a null allele in flamingo (F, K, P, and U). During pupal develop-
ment, R cell axons extend away from bundles of axons containing all R cells
from a single ommatidium (D, I, N, and S). Each R cell can be identified in
the retina and traced down into the brain, where it extends to a specific target
located in an invariant position relative to the ommatidial bundle. Arrowheads
demark where each R cell axon starts its lateral extension across the lamina
plexus; arrows demark the target cartridge.Tissir et al., 2005; Kimura et al., 2006). However, its mechanism
of action remains incompletely understood. Here, we define
how R cell subsets interact via Flamingo to influence target
selection.
RESULTS AND DISCUSSION
Flamingo Functions Exclusively in R Cells
As an entry point to examining the precise mechanism by which
Flamingo influences R cell target selection, we first demon-
strated that Flamingo exclusively mediates interactions among
R1-R6 growth cones. In particular, genetic mosaic analyses in
which Flamingo function is specifically removed from either all
R cell axons or their target neurons demonstrate that Flamingo
functions only within R cells, not their targets neurons, to control
cartridge assembly (Lee et al., 2003; Senti et al., 2003; see Fig-
ure S1A–S1C available online). This phenotype is distinct from
and more severe than that observed in other planar cell polarity
mutants (Figure S1D and data not shown). Flamingo function is
restricted to this specific aspect of R cell target choice, as de-
tailed analysis of the flamingo mutant phenotype demonstrates
that mutant R1-R6 axons fasciculate normally, stop appropri-
ately in the lamina plexus, and ultimately form morphologically
normal synapses, albeit with inappropriate partners (Lee et al.,
2003, and data not shown).
Flamingo Is Not Required Cell-Autonomously
in R Cell Axons
To examine the mechanism by which Flamingo controls R cell
connection patterns, we performed a series of single-cell manip-
ulations that alter Flamingo levels in individual growth cones. We
began using mosaic analysis with a repressible cell marker
(MARCM; Lee and Luo, 1999; Prakash et al., 2005) to generate
single mutant R cells positively labeled with green fluorescent
protein (GFP) in an otherwise wild-type background (Figure 1).
Clones were generated using the yeast FLP recombinase under
the control of a heat-shock promoter, and, under appropriately
mild heat-shock conditions, it is possible to generate single-
cell clones in any R cell subtype. As each R cell has a character-
istic morphology and position within the ommatidium, each R1-
R6 subtype can be unambiguously identified, independent of its
axonal phenotype (Figures 1B, 1C, 1G, 1H, 1L, 1M, 1Q, and 1R).
Since the projection of each R cell axon is both invariant and
uniquely specified by its subtype identity, any variation would
reflect a cell-autonomous function of flamingo. In this system,
the axon of each R cell can be unambiguously traced from the
retina into the brain, and defects that emerge in any step of the
targeting process can be detected. Under these conditions, all
R cells homozygous for a control chromosome extended out of
the retina normally, associated with the appropriate ommatidial
axon fascicle into the brain, and innervated the correct cartridge
(n = 33; Figures 1D, 1E, 1I, 1J, 1N, 1O, 1S, and 1T). Remarkably,
all isolated mutant R cells, homozygous for a null mutation in
flamingo, were indistinguishable from control axons throughout
their trajectory and invariably chose appropriate postsynaptic
targets (n = 117; Figures 1F, 1K, 1P, and 1U and data not shown).
Three lines of evidence demonstrate that we do achieve signifi-
cant loss of Flamingo function in these single-cell clones. First,Neuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc. 27
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to Control the Targeting of Neighboring
Photoreceptors
(A–C, F–H, and K–M) Retina. Homozygous wild-
type cells (green) abutting flamingo null mutant
cells (black) are generated at random and are
uniquely identified by their morphology (red) (B,
G, and L). Retina. (C, H, and M) Flamingo null
mutant cells (chevrons) arise within ommatidia
containing wild-type neighbors. Mutant cells can
be identified by the absence of GMR-RFP expres-
sion (white), which is particularly noticeable in the
rhabdome. (D, I, and N) Schematic images of the
labeled R cell axons (green), homozygous mutant
axons (black), and heterozygous axons (gray) ex-
tending to their targets (red). (E, J, and O) Confocal
images of labeled R cell projections (green)
extending to their targets (red). Normally extend-
ing axons (arrows) extend to specific targets; mis-
targeting axons extend two growth cones, inner-
vating inappropriate targets (arrowheads). Inset
panels depict single axons at high magnification.
In (E), neither growth cone innervated the appro-
priate target (denoted * in [D] and [E]). Scale bar,
10 mm.as expected from previous studies, removal of Flamingo from
single R3 and R4 cells caused ommatidial orientation defects
with comparable expressivity to that seen in large clones using
the same null alleles (33% misoriented, n = 69 R3/4 clones ver-
sus 37% in large clones [Rawls and Wolff, 2003]). To avoid pos-
sible confounding effects of ommatidial orientation on axonal
projection, in all analyses we excluded data from abnormally ori-
ented ommatidia. Second, the dynamic expression of Flamingo
in wild-type animals suggests that its axonal expression derives
from synthesis after R cells complete their final cell division (and
are thus potentially already homozygous for flamingo mutations
(Lee et al., 2003). Indeed, in our studies, even single-cell flamingo
clones showed profound loss of expression (Figure S2). Third, as
we describe below, removing Flamingo function from single cells
does cause nonautonomous axon targeting defects. Thus, these
experiments demonstrate that Flamingo is not required cell-
autonomously in R cell axons.
Flamingo Mediates Interactions between Neighboring R
Cell Growth Cones from within the Same Ommatidium
The fact that Flamingo does not function cell-autonomously in R
cell axons raised the possibility that Flamingo might instead act
nonautonomously, providing a signal between R cell growth
cones necessary for targeting. We envisioned two extreme alter-
nativemodels bywhichFlamingo could function in this context. In
one view, Flamingo could act nonspecifically, mediating interac-
tions between any pair of R cell growth cones, regardless of their
subtype or relative spatial position within or between ommatidia,
to control target selection. At the other extreme, Flamingo could
function with absolute specificity, being required in only a partic-
ular R cell subtype, sending a signal to a specific R cell neighbor,
either in the same ommatidium or in one of the neighboring
ommatidia. To distinguish between these two alternatives, we
developed two variations of reverse MARCM (Lee et al., 2000),
a strategy to positively label single identified wild-type cells while28 Neuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc.negatively labeling single identified flamingomutant cells. As Fla-
mingo function is not required cell-autonomously in R cell axons
(Figure 1), the targeting of these negatively marked, mutant cells
is presumably normal. In both mosaic approaches, homozygous
mutant and wild-type cells are generated at random in the retina
and identified by their morphologies and positions; in one
approach, all wild-type cells are positively labeledwithGFPusing
a pan-neuronal promoter; in the other, only wild-type R4 cells are
positively labeled. In order to unambiguously label the mutant
cells, we expressed red fluorescent protein (RFP) under the
control of the GMR promoter, expressed in all R cells, which al-
lows unambiguous identification of mutant cells in the retina
through their loss of RFP expression. In both reverse MARCM
approaches, clones are induced by expressing the FLP recombi-
naseunder thecontrol of theheat-shockpromoter, anddue to the
way in which precursor cells are recruited into adopting R cell
fates, mutant cells and wild-type cells generated by the same
recombination event are separated by a variable distance in the
retina.We then reasoned, by direct analogywith previousmosaic
analyses of other genes, that if Flamingo’s nonautonomous func-
tion was in any way specific, reflecting either subtype identity or
relative position either within an ommatidium or between neigh-
boring ommatidia, the presence of a targeting defect in a
wild-type cell should correlate with the presence of a flamingo
mutant cell in some particular spatial or R cell subtype-specific
pattern.
Using these approaches, we find that Flamingo functions as
a strictly nonautonomous signal between neighboring R cells.
With both labeling methods, individual mutant R cells of all pos-
sible subtypes were generated at variable distances from la-
beled, wild-type neighbors of all subtype combinations (Figures
2 and 3, Figure S3, and data not shown). We identified clones in
which wild-type cells were separated from mutant neighbors by
a variable distance (Figures 2A–2E), lacked any mutant neigh-
bors (Figures 2F–2J), or directly abutted mutant cells (Figures
Neuron
Opponent Interactions Shape Axon Trajectory2K–2O). Overall, we observed inappropriate targeting of wild-
type R1, R4, R5, and R6 cells in the presence of flamingomutant
neighbors, demonstrating that Flamingo acts nonautonomously
to influence the targeting of most, if not all, R cells. In order to de-
fine the range and specificity of these Flamingo interactions, we
then mapped the relative positions of mutant and wild-type cells
within each ommatidium such that mutant cells abutting the
Figure 3. Flamingo-Mediated Interactions between Immediately
Neighboring R Cells Are Critical for Target Selection
(A) The distribution of flamingo mutant R cells in two variations of reverse
MARCM. Flamingo mutant R cells, elavGal4 (black bars), mdGal4 (gray bars,
n = 102). In mdGal4 clones, all labeled wild-type axons are R4, so none are
ever mutant (-). Inset panel designates the neighbor relationships between R
cells relative to a single wild-type cell (gray). (B) The distribution of projection
defects in ommatidia containing only one mutant cell and one to three wild-
type cells, pooled between elavGal4 and mdGal4 datasets. The data are di-
vided into those cases where the wild-type axons targeted normally (left
bars) and abnormally (right bars). The fraction of clones is plotted as a function
of the separation between the mutant cell and the wild-type cell (*p < 0.01, c2
test). (C) Plot of the fraction of clones of each type, dividing the data into two
groups. Left bars: normal targeting. Right bars: abnormal targeting. These dis-
tributions are different (p < 0.001; c2 test). ‘‘Neighbor Only’’ denotes clones in
which the only mutant cells were in the neighboring ommatidium (185 cases) or
clones in which there were no mutant neighbors at all (12 cases). (D) The fre-
quency of abnormal axon targeting as a function of the neighbor relationship
between wild-type and mutant cells.wild-type cell were designated 1, cells that were separated by
a single intervening cell were designated 2, and the cell that
was separated by two intervening cells was denoted 3 (Fig-
ure 3A, inset). That is, each ommatidium containing a single la-
beled wild-type cell had two 1 cells, two 2 cells, and one 3
cell. In this way, clones generated using either reverse MARCM
method could be pooled and compared. By first examining only
single-cell clones (containing one mutant cell and at least one
wild-type cell in the same ommatidium), we found a strong cor-
relation between the frequency of mistargeting and the relative
distance between wild-type and mutant cells (Figure 3B). In
clones in which the wild-type cells targeted normally, 1 and 2
cells were mutant with approximately equal frequency, while 3
cells were mutant about half as often. This distribution is as
expected from the relative numbers of 1, 2, and 3 cells in an
ommatidium. By contrast, in cases where the wild-type axon
mistargeted, the distribution was strongly skewed: 12/14 clones
had a single 1 cell mutant, 2/14 had a single 2 cell mutant, and
none had 3 mutants (p < 0.01, c2 test) (Figure 3B). Consistent
with these observations, all clones, including ones with multiple,
labeled wild-type axons and multiple mutant cells, displayed the
same positional effect (Figure 3C; p < 0.001, c2 test). In total, in
clones where all wild-type axons targeted normally, most had no
mutant cells in the same ommatidium (54%, n = 362), and 1 mu-
tant neighbors were about as frequent as 2 and 3 neighbors
(26% versus 19%, n = 362). However, in clones where a wild-
type axon chose an incorrect target, 77% of clones included
a 1 mutant cell (n = 20/26), 11% included 2 or 3 mutant cells
(but not a 1 cell, n = 3/26), and 11% only had mutant neighbors
in an adjacent ommatidium (n = 3/26). Our single and multiple
mutant cell analyses (Figures 3B and 3C) demonstrate that the
frequency of targeting defects correlates with the relative dis-
tance between mutant and wild-type cells. In addition, when
there was at least one mutant cell in the same ommatidium as
the wild-type cell, there was no correlation between the number
of mutant cells found and the behavior of the wild-type axon. In
particular, we found approximately 1.5mutant cells/ommatidium
(n = 171) in cases where the wild-type axon targeted normally,
and 1.7 mutant cells/ommatidium (n = 23) when the axon mistar-
geted. Moreover, our analyses also demonstrate that the spatial
relationship between wild-type and mutant cells, not the specific
subtype identity of the mutant cell, is what influences axonal be-
havior. That is, for each axon that mistargeted in the presence of
a 1 mutant, we observed that themutant could fall on either side
of the wild-type cell; for R4, for example, mistargeting was asso-
ciatedwithmutant R3 ormutant R5 cells, with R5 predominating.
Thus, in contrast to the role for Flamingo in retinal fate patterning,
where Flamingo acts strictly in R3 and R4, in the brain, its func-
tion extends to all R1-R6 cell subtypes. Note that the rare cases
in which a wild-type cell (containing two wild-type copies of the
flamingo locus) mistargeted, yet had only 2 or 3 mutant neigh-
bors, could reflect either failed interactions with the relatively re-
mote homozygous mutant cell, or abnormal interactions with its
immediate neighbors (which contain only 1 normal copy, and
hence a lower relative level of flamingo). In aggregate, 17% of
wild-type axons adjacent to a mutant 1 cell chose inappropriate
targets (20/115 cases), while 4% (n = 3/73) of axons with only 2
or 3 mutant neighbors and only 1.5% (n = 3/200) of axons withNeuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc. 29
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ure 3D). Thus, as the relative distance between wild-type and
mutant cells increases, the expressivity of the targeting pheno-
type decreases. These mistargeting defects were of two types:
either the wild-type axon failed to extend away from the omma-
tidial fascicle and innervated the nearest cartridge (n = 14/26) or it
extended toward another inappropriate target (n = 12/26). In
many cases, these mistargeting wild-type axons innervated
two targets. Taken together, these studies demonstrate that Fla-
mingo acts locally, as a nonautonomous signal between immedi-
ate neighbors, sorting most, if not all, R cells toward appropriate
postsynaptic targets. These studies thus provide evidence of
a strictly nonautonomous role for a cadherin in patterning neuro-
nal connections. Moreover, as we detected no strong correlation
between axonal targeting and the presence of a flamingomutant
cell in a neighboring ommatidium, Flamingo-mediated interac-
tions likely take place before R cell growth cones reach their tar-
get cartridge (where they might interact with R cell axons from
the neighboring ommatidia that contribute to the cartridge).
These interactions could, in principle, take place anywhere along
the length of the R cell axon, but because ommatidial axon bun-
dles in flamingo mutants display no defects in fasciculation
above the lamina (Lee et al., 2003), we favor the notion that the
interactions we describe take place among R cell growth cones
within the lamina plexus, prior to extension.
Flamingo-Mediated Interactions Among
R Cell Axons Are Homophilic
Flamingo has previously been shown to mediate homophilic in-
teractions in vitro (Usui et al., 1999), yet whether Flamingo medi-
ates homophilic interactions or functions as a heterophilic
signal, through some as-yet unidentified receptor, has not previ-
ously been demonstrated in vivo. To address this issue, we rea-
soned that if Flamingo was to function in a heterophilic fashion,
the targeting phenotypes we observe when a mutant cell abuts
a wild-type cell in a two-cell pair should be preserved when both
cells are mutant for flamingo (since the phenotype of the cell
responding to the Flamingo signal would depend on an unknown
receptor, not on Flamingo; Figure S4). That is, if Flamingo
functions in a heterophilic fashion, a neighboring two-cell clone
generated by forward MARCM should display the same level of
targeting defects as a reverse MARCM clone in which a wild-
type cell is adjacent to its ‘‘twinspot’’ mutant cell. On the other
hand, if Flamingo mediates homophilic interactions strictly non-
autonomously, the two neighboring mutant cells should target
normally, as Flamingo has no cell-autonomous effect on target-
ing. That is, in this situation, the two mutant cells should be
‘‘blind’’ to one another (since neither can produce, or respond,
to a Flamingo signal) and should behave as if they were two sin-
gle mutant cells produced in isolation from one another (which
target normally, see Figure 1). We therefore examined the be-
havior of adjacent pairs of flamingo mutant cells using MARCM
and found mistargeting in only 1/40 pairs (data not shown). By
comparison, using reverse MARCM, in two cell clones compris-
ing pairs with one mutant cell abutting one wild-type neighbor,
we observed mistargeting in 9/39 cases (p < 0.01, Fisher’s exact
test). Thus, the simplest explanation for the strictly nonautono-
mous role of Flamingo in mediating afferent-afferent interactions30 Neuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc.between R cell growth cones is one that reflects homophilic
function.
Flamingo Overexpression in a Single R Cell Type
Is Sufficient to Cause Nonautonomous Targeting Errors
These loss-of-function studies raised the possibility that appro-
priate R cell axon targeting might rely on relative differences in
Flamingo protein expression between R cell growth cones. Con-
sistent with this view, Flamingo protein was unequally distributed
across R cell growth cone boundaries at the developmental
stage at which R cell axons extend to their target (Lee et al.,
2003). To test this notion, we reasoned that overexpression of
Flamingo in a single R cell growth cone should alter the targeting
of neighboring cells. The most specific driver available, mdGal4,
is expressed in only R4 cells at this stage, as well as in most lam-
ina target neurons (Figure 4A), so we compared the phenotypes
associated with overexpression of a wild-type Flamingo trans-
gene using mdgal4 to those seen using the strong, well-charac-
terized lamina-neuron-specific driver gcmGal4 (Figure 4B).
Strikingly, in animals overexpressing wild-type Flamingo protein
using mdGal4, but not gcmGal4, many cartridges contain abnor-
mal numbers of R cell axons, indicative of widespread targeting
defects, in both pupal and adult brains (Figures 4C and 4D; data
not shown). This observation suggests that phenotypes associ-
ated with Flamingo overexpression are specific to altered inter-
actions between R4 and other R cell growth cones. Moreover,
this phenotype is strongly dose sensitive, as reducing either
the temperature of cultivation (lowering the activity of Gal4) or re-
ducing the copy number reduces the strength of the phenotype
and the fraction of brains in which it is observed (Figures 4E–4G
and data not shown). Finally, overexpression of a truncated form
of Flamingo that lacks the intracellular domain is sufficient to
generate the same phenotype, consistent with the notion that it
is the relative levels of the extracellular, adhesive portion of the
molecule that directs R cell target choice (Figure 4H).
To examine this phenotype with single-cell resolution, we in-
jected fluorescent dye into single ommatidia in which full-length
Flamingo was overexpressed in R4 and visualized the pattern of
R1-R6 connections (Figures 4I–4L). In 8/9 injected ommatidia,
defects in R cell targeting were observed. In 6/8 cases, the ap-
parent R4 axon targeted normally, while neighboring R cells fol-
lowed inappropriate trajectories; in the remaining two cases, the
majority of axons chose inappropriate targets, andapresumptive
R4 axon could not be discerned. In all six cases in which R4
targeted normally, the targeting phenotypes seen in surrounding
R cell axons are not consistent with a nonspecific association
between the mistargeting axon and R4, which one might have
expected if a nonspecific ‘‘stickiness’’ had been caused by over-
expression. These results demonstrate that altering the relative
levels of Flamingo on R cell growth cones disrupts the short-
range signaling events necessary for R cell growth cones to
reach appropriate targets. As R cell growth cones extend toward
their targets, they maintain close contact with lamina neurons in
the target field. However, overexpression of Flamingo in the
target neurons that contact R cell axons has no effect on R cell
target choice. Thus, this result demonstrates that the effects of
Flamingo overexpression on R cell target choice specifically
reflect manipulations of Flamingo-mediated signaling between
Neuron
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mediated interactions can only take place in the context of R cell
growth cones.
Model
We have shown that the atypical cadherin Flamingo functions as
a short-range, homophilic signal, passing between neighboring
R cell processes to influence their choice of postsynaptic part-
ners. In contrast to Flamingo’s requirement in dendritic tiling
and layer-specific targeting (Lee et al., 2003; Senti et al., 2003;
Gao et al., 2000; Grueber et al., 2002; Kimura et al., 2006), Fla-
mingo acts in a strictly non-cell-autonomous fashion to control
R1-R6 cell connectivity (Figure S5). The observation that target-
ing phenotypes in wild-type cells next to mutant neighbors are
much more severe than those seen in two adjacent mutant cells
demonstrates that growth cone behavior is sensitive to relative
differences in Flamingo activity between neighboring cells, not
the absolute level of Flamingo activity in any single cell. How
could a homophilic molecule act strictly nonautonomously?
We propose that, in wild-type animals, each R cell growth
cone compares its level of Flamingo with that of its two neigh-
bors and either increases or decreases its contacts with them
in order to precisely balance the Flamingo-mediated interac-
tions on both sides. That is, interactions either ‘‘pulling’’ (attrac-
tive) or ‘‘pushing’’ (repulsive) with one neighbor are physically
opposed by interactions with the neighbor on the opposite
Figure 4. Overexpression of Flamingo in R4
Is Sufficient to Cause Mistargeting of
Neighboring Axons
(A) The expression pattern of mdGal4 (green) and
Flamingo protein (red) in the lamina plexus. (B)
The GcmGal4 expression pattern (green) and Fla-
mingo (red). (C) The pattern of cartridges (red) in
the adult lamina of animals overexpressing Fla-
mingo using mdGal4. Single cartridges are inset.
(D) The pattern of cartridges (red) in the adult lam-
ina of animals overexpressing Flamingo using
GcmGal4. Scale bar, 20 mm. (E–H) The pattern of
cartridges in the adult lamina overexpressing
either two copies (X2) or one copy (X1) of either
full-length Flamingo (E–G) or a truncated form of
Flamingo lacking the intracellular domain (DC,
[H]). Single cartridges are inset. (I–L) Dye injection
into single ommatidia (red). Panels contain all of
the axons from one ommatidium; insets display
the corresponding retinal image. (I) Control. (J–L)
Flamingo overexpression in R4 using mdGal4. Ar-
rows indicate R4 axons, arrowheads denote R cell
growth cones that have targeted inappropriately.
Scale bar, 10 mm.
side of the growth cone. A simple means
of balancing these opposing forces
would be for a growth cone to alter the
extent of its contacts with its neighbors,
either by adjusting its morphology or by
changing its relative position. As this
comparison process must take place
prior to axon extension, yet affects target
selection, it likely determines axon trajec-
tory, influencing which potential postsynaptic targets will ulti-
mately be contacted. When one neighbor lacks Flamingo, this
balance becomes disrupted, causing the wild-type growth
cone abutting the mutant cell to interact excessively with its re-
maining wild-type neighbor, via Flamingo, and mistarget. That
is, we propose that the amount of Flamingo on each surface
of each R cell is ‘‘titrated’’ by homophilic interactions with its
neighbors; when interactions with one neighbor are lost, the Fla-
mingo molecules that would normally have been engaged with
the mutant neighbor now shift to the other side of the neurite
and engage Flamingo molecules on the processes of
the remaining wild-type neighbor. This increases the strength
of the homophilic interaction with that neighbor to an abnormally
high level. The single mutant cell does not experience this unbal-
ance, as it loses Flamingo-mediated interactions symmetrically,
with neighbors on both sides. It thus innervates the appropriate
target through the action of Flamingo-independent targeting sig-
nals. Since removing Flamingo from all R cells (in large clones)
causes severe targeting errors, these Flamingo-independent
signals must be only partially redundant with Flamingo, as
they can only act effectively when very few cells are mutant.
Our model is consistent with electron microscopic reconstruc-
tions showing that the relative positions of R cell axons are in-
variably maintained from the eye to the brain and that contacts
between immediate neighbors within an ommatidial group are
the major component of each R cell growth cone’s surfaceNeuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc. 31
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1993).
Flamingo’s molecular structure defines it as an unusual mem-
ber of the cadherin superfamily, raising the possibility that the
mechanism we propose may not be general to all cadherins
(Usui et al., 1999). Indeed, it is unclear whether Flamingo acts
as a purely adhesive factor, or through some as-yet unknown
signaling cascade (Das et al., 2002; Shima et al., 2007). However,
our mosaic analysis argues strongly that Flamingo acts locally,
within the growth cone (or axon), and does not send a long-range
signal (to the nucleus, for example) that indirectly alters target se-
lection. The critical observation is that the correct spatial pattern
of Flamingo activity around a given R cell neurite, balanced be-
tween its immediate neighbors, but not the absolute amount of
activity (which can be lowered to zero without cell-autonomous
effect), is critical for target selection. As transmitting a signal out-
side the growth cone could, at most, preserve information about
the strength of the Flamingo-mediated interactions, not informa-
tion about whether these interactions occurred on one, or both,
sides of the neurite, a long-range signaling model is inconsistent
with our data. Thus, as Flamingo’s role in R cell target selection
reflects a direct, local effect on growth cone trajectory, this activ-
ity does not necessarily demand an unusual signaling mecha-
nism unavailable to other cadherins in other contexts.
The balanced neighbor-neighbor interaction system we pro-
pose represents a cellular form of opponency that provides
a means of detecting small differences in cadherin activity
between cells. It serves an ideal substrate for afferent-afferent
interactions in R cells, as it allows growth cones to directly
read-out the differences in Flamingo expression that we see in
wild-type animals and use these differences to determine their
relative orientations. More broadly, this opponent model pro-
vides a sensitive, general mechanism for measuring relative
differences in the expression of any homophilic adhesion mole-
cule and translating these differences into changes in axon tra-
jectory. Thus, our studies provide evidence for a novel mecha-
nism organizing the precise pattern of synaptic connections in
the developing brain.
EXPERIMENTAL PROCEDURES
Fly Stocks
The following stocks were used: eyFLP, ey3.5FLP, the FRT42D ELF system,
FRT42D fmi e59/CyO KrGFP, FRT42D fmi e45 tubP-Gal80/CyO UbqGFP,
UAS fmi, UAS fmiDC, FRT42D tubPGal80, mdGal4, hsFLP22, elavGal4
UASmCD8GFP hsFLP, GMRRFP, gcmGal4. For MARCM experiments, third
instar larvae, between 3–4 days AEL, were incubated at 37C for 27 min,
and pupae with appropriate clones were selected for analysis at 42 hr after pu-
parium formation. For reverse MARCM, third instar larvae between 3–4 days
AEL were incubated at 37C for 22 min.
Immunohistochemistry and Dye Injection
Pupal and adult brains were stained as previously described (Prakash et al.,
2005; Lee et al., 2001). The following antibodies were used: rabbit anti GFP
(Promega), mAb24B10 (Developmental Studies Hybridoma Bank [DSHB]),
mouse anti flamingo (DSHB), mouse anti csp2a (DSHB), goat anti-rabbit Alexa
Fluor 488 (Invitrogen), goat anti-rabbit Alexa Fluor 488 IgG2a (Invitrogen), goat
anti-mouse Cy5 (Jackson Immunoresearch), goat anti-mouse Alexa Fluor 594
(Invitrogen). Labeling of R cell projections using fluorescent diI was as
described (Clandinin and Zipursky, 2000).32 Neuron 58, 26–33, April 10, 2008 ª2008 Elsevier Inc.Imaging
All images were acquired on a Leica TCS SP2 AOBS confocal microscope,
using either a 403 NA 1.25 lens, or a 1003 N.A. 1.4 lens and were processed
using Huygens Pro (SVI), rendered using Imaris (Bitplane) and mounted using
Photoshop (Adobe).
SUPPLEMENTAL DATA
The Supplemental Data for this article can be found online at http://www.
neuron.org/cgi/content/full/58/1/26/DC1/.
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